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Available online 6 August 2016Hydrothermal and pyrolytic carbonization were used in this study to prepare a range of carbonaceous materials
from corn starch powder. The objective of the studywas to investigate the relationship betweenmicrostructures
of the hydrothermally carbonized materials synthesized by a two-step carbonization process and their
thermophysical and thermochemical properties. Differences in thermal behavior, as observed by thermogravi-
metric measurements conducted in air, were investigated by supplementary studies using elemental and prox-
imate analysis, Fourier transform infrared spectrometry (FTIR), X-ray photoelectron spectroscopy (XPS)
characterisation and weight loss kinetic modeling. The results indicated that the degree of the aromatization of
obtainedmaterials with higher carbon contents could be increased by subsequent annealing at higher tempera-
tures. The resulting materials with different carbon skeletons displayed different kinetic behavior upon heating.
Kinetic modeling of the thermogravimetric data revealed a low temperature and a high temperature combustion
regionwith different kinetics parameters, thus demonstrating the potential of hydrothermal carbonization (HTC)
as a synthesis strategy for ﬁne-tuned functional high-purity combustion fuel preparation.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Pyrolysis1. Introduction
Sustainable and green energy development is a global challenge.
Charcoal can play an important role for sustainable energy consumption
if it can be made economically through non-fossil fuel based routes.
Conventional charcoal production usually involves thermochemical
conversion of biomass (e.g., wood, coconut shell, or other agricultural
byproducts) or coal [1,2]. Charcoals with more speciﬁc surface
properties have been made via petrochemical route [3] or secondary
treatments of charcoal with surface modiﬁcation [4]. Research on
nano-structured carbon-based materials biomedical and electronic ap-
plications has also attracted signiﬁcant interests. In general, however,
research is still needed to shift both the sourcematerials and the energy
used to more sustainable bases for economically viable charcoal mate-
rials. For this reason, different biomass have been used as source mate-
rials for carbonaceous fuels [5] and also for bioenergy [6,7].
In the last decade or so, hydrothermal carbonization (HTC) of bio-
mass has attracted increasing interest in the ﬁeld of carbon materials
and biofuels [8]. Bergius ﬁrst described the hydrothermal transforma-
tion of cellulose into coal-like materials in 1913. Early work mainlyo Research Institute of CNTC,
@126.com (K. Zhang).
. This is an open access article underfocused on the preparation of biofuels [9]. The full potential of hydro-
thermally carbonized materials has only been discussed in recent
years through the work of Titirici and co-workers [10,11], in several
ﬁelds such as catalysis, CO2 sequestration, agriculture and renewable
energy products.
Typical energy contents of HTC materials have been measured to be
between 25 and 35 MJ · kg−1, which is about 40% higher than those of
biomass precursors [12]. The HTC materials are expected to exhibit
favourable behaviors with respect to combustion, gasiﬁcation, and
other thermal conversion processes. There have also been studies on
combustion or gasiﬁcation of carbonmaterials [13,14]. Themost impor-
tant issue in combustion or thermo-synthesis of carbon materials, such
as fullerenes, nanotubes, graphite, and diamond, is the control of com-
positional, morphological and chemical nature of different carbon
sources reacting with an oxidant agent [15–16]. However, as far as we
are aware, there has been no systematicwork on combustion character-
istics of HTC materials.
The objective of this study was to conduct a feasibility of using corn
starch as a model precursor, due to the deﬁned mechanism under HTC
conditions, to evaluate the link between various carbonized products
as a combustion fuel. The combustion characteristics of different HTC
intermediates from corn starch, its post-carbonization forms, and the
carbon derived from pyrolysed corn starch were investigated to under-
stand the relationship between themicrostructural properties and com-
bustion characteristics. A range of experimental techniques werethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. SEM images of (a) corn starch, (b) HTC-S, (c) HTC-S-350, (d) HTC-S-550, (e) HTC-S-750, (f) Py-S-550.
44 M. Zhao et al. / Fuel Processing Technology 153 (2016) 43–49employed such as scanning electron microscopy (SEM), N2-adsorption/
desorption, Fourier-transform infrared spectroscopy (FTIR), elemental
and proximate analysis of the materials, X-ray photoelectron spectros-
copy (XPS) and non-isothermal thermogravimetrics analysis. In
addition, kinetic analysis based on the Coats-Redfern model was per-
formed on the HTC materials combustion processes [17,18].2. Materials and methods
2.1. Materials
Corn starch powder was purchased from Aladdin Reagent Co. Ltd.
(Shanghai, China) and was used as received. Deionized water used
was from A. S.Watsons Group Ltd. (Shanghai, China). All other reagents
used in the synthesis were of analytical grade.Table 1
Surface area and pore characteristics of corn starch, HTC-S, its post-carbonization forms,
and pyrolytic carbon material.
Sample
BET surface area
(m2/g)
Total pore volume
(cm3/g)
Average pore diameter
(nm)
Starch 0.8 – –
HTC-S 3 0.02 23
HTC-S-350 26 0.05 6
HTC-S-550 496 0.27 2
HTC-S-750 512 0.27 2
Py-S-550 437 0.24 22.2. Preparation of carbon materials
HTC material, its post-carbonization forms, and pyrolytic carbon
were prepared and studied following the methods described below.
For preparing the HTC materials, 70 mL deionized water was mixed
with 6.3 g corn starch power and the solution was placed into a
100 mL Teﬂon lined stainless steel autoclave at room temperature.
The autoclave was sealed and heated in an oven for 12 h at 180 °C.
The HTC material obtained was separated from the remaining aqueous
solution by centrifugation at 7000 rpm for 20 min and then washed 5
times with deionized water and ethanol. Finally, the derived material
was dried in a vacuum oven at 80 °C for 12 h. The sample material
thus prepared is labeled as “HTC-S”.
Pyrolysis was performed in a horizontal tube furnace with a
20 mL · min−1 nitrogen ﬂow rate at 350 °C, 550 °C, and 750 °C, re-
spectively. The heating rate was 10 K · min−1. The carbon source
materials were the starch and its HTC form (HTC-S). All the samples
were held at the ﬁnal temperature for 4 h before being cooled to
room temperature by the nitrogen ﬂow. They were then homoge-
nized by grinding with a mortar and pestle. The post-carbonization
HTC-S is denoted as HTC-S-X and the pyrolysed starch as Py-S-X; in
both cases, “X” is denoted as the carbonization temperature (350,
550, or 750 °C). For example, Py-S-550 is a pyrolysis-derived carbon
material heated at 550 °C under nitrogen atmosphere.2.3. Characterization
The morphology of the prepared samples was characterized using
JEOL-6010LA scanning electron microscopy (SEM). Before imaging,
sample powder was loaded onto Kapton carbon tapes and sputtered
with Au. Images were acquired by setting an SEM working distance of
10 mm and accelerating voltage of 1.5 kV. In addition, the surface
area, total pore volume, and average pore diameter of the synthesized
samples were calculated by the Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods, respectively. The measurement
was carried out at 77 K using the adsorption of nitrogen gas
(Micromeritics, Model ASAP2020). Fourier transformed infrared (FTIR)
spectroscopy measurements were carried out at room temperature in
ambient atmosphere using a Nicolet 6700 FTIR spectrometer with the
KBr pellet technique. FTIR spectra were recorded in the range of
4500–400 cm−1. The spectral outputs were recorded in the transmit-
tancemode as a function of wave-number and 124 scans were recorded
with the resolution of 4 cm−1. The X-ray photoelectron spectra (XPS)
were recorded with an ESCALAB 250 (Thermo Electron). The X-ray ex-
citation was provided by a monochromatic Al Kα (1486.6 eV) source.
Data quantiﬁcation was achieved by the advantage program.
Elemental chemical analysis of the samples were carried out in a
CHONS Elemental Analyzer (Vario EI Cube, Elementar, Germany) to
determine C and H contents in a stream of pure O2. The content of ox-
ygen was calculated by subtracting the relative C and H fractions.
Proximate analysis is based on thermogravimetry [19], containing
moisture (M, wt.%), volatile matter (VM, wt.%), ﬁxed carbon (FC,
wt.%) and ash (A, wt.%) contents.
Fig. 2. FTIR spectra of starch, HTC-S, HTC-S-X and pyrolytic carbon materials.
45M. Zhao et al. / Fuel Processing Technology 153 (2016) 43–49Channiwala and Parikh' correlation for estimating higher heat value
(HHV, MJ · kg−1) of solid fuels was applied in this study [20], i.e.:
HHV ¼ 0:3491Cþ 1:1783Hþ 0:1005S
þ 0:01034O−0:0151N−0:0211A
where C, H, S, O, N, and A represent carbon, hydrogen, sulphur, oxygen,
nitrogen, and ash contents of a fuel, respectively, in wt.%. Due to corn
starch with few N and S elements, 0.1005S and −0.0151N were ig-
nored. The results were placed in Tables 2 and 3.
The combustion characteristics of the resultant carbon materials
were analysed by monitoring their weight changes in air at a ﬂow rate
of 20 mL ·min−1 using a Netzsch STA 449F3 thermogravimetric analyz-
er. Each experimentwas performedwith ca. 9–13mgof the sample load-
ed in α-Al2O3 crucible, and covering a temperature range from 40 to
850 °C at a heating rate of 5 K · min−1. The heating rate of this order is
generally considered able to ensure that no temperature gap exists be-
tween the sample and its surroundings. The isothermal temperature pre-
cision is 0.01 K and the weighing balance sensitivity is 0.1 μg.
2.4. Combustion kinetic model
The thermogravimetric (TG) data obtained were analysed using the
following kinetic equation [21]:
dα
dt
¼ K 1−αð Þn ð1Þ
where α is the fraction of the sample decomposed (%); t is the heating
time (s); n is the order of reaction; K is the rate constant.
Let f (α) denote the reaction model, which contains the information
regarding the reaction mechanism. A ﬁrst-order kinetic reaction is theTable 2
Elemental analysis and HHV for starch, HTC-S, HTC-S-Xs, and Py-S-550a,b.
Sample C (wt.%) H (wt.%) O (wt.%)
Starch 38.98 ± 0.52 7.04 ± 0.10 53.62 ± 0.62
HTC-S 62.08 ± 0.88 5.12 ± 0.02 32.80 ± 0.90
HTC-S-350 69.57 ± 0.92 3.68 ± 0.14 26.76 ± 1.04
HTC-S-550 78.49 ± 2.60 3.24 ± 0.02 18.27 ± 2.62
HTC-S-750 81.42 ± 0.46 2.21 ± 0.04 16.37 ± 0.50
Py-S-550 83.09 ± 2.04 3.09 ± 0.22 13.82 ± 2.26
a O/C and H/C are given in molar ratio.
b The yields of HTC-S and Py-S-550 are based on starch and the yields of HTC-S-X are basedmost frequently used assumption for solid fuel decomposition/combus-
tion [22–24]. Therefore, in present study was ﬁtted to ﬁrst-order reac-
tions. The reaction equation can be described by the following:
f αð Þ ¼ 1−αð Þ ð2Þ
The temperature dependence of K is expressed by the following Ar-
rhenius expression [25]:
K ¼ A exp −E=RTð Þ ð3Þ
where E is the activation energy (kJ · mol−1); A is the pre-exponential
factor (s−1); R is the ideal gas constant (8.314 J · mol−1 · K−1); T is
the temperature (K). Coats and Redfern developed an integral method
based on the Arrhenius model, which can be applied to the TG data, as-
suming different order of reactions and introducing the constant
heating rate β= dT/dt. This order is presumed to give the best square
of the linear correlation coefﬁcient. The kinetic parameters, E and A,
can be calculated from the slope and the intercept of the straight line, re-
spectively. In this paper, the least square regressionmethodwas used in
drawing the straight lines to ﬁt the experimental data. The ﬁnal form of
the equation [17], which was used for data analysis is as follows:
log10
− log10 1−αð Þ
T2
 
¼ log10
AR
βE
1−
2RT
E
 
−
E
2:3RT
ð4Þ
For easy calculation, Eq. (4) was simpliﬁed and translated by natural
logarithm:
ln
− ln 1−αð Þ
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 
¼ ln AR
βE
−
E
RT
ð5Þ
3. Results and discussion
3.1. Morphology and microstructure
The SEM morphologies of corn starch and the carbon samples pre-
pared in this study are given in Fig. 1. Corn starch granules are irregular
particle shape in Fig. 1(a). When corn starch was hydrothermally car-
bonized, as can be seen in Fig. 1(b), HTC-S consisted of agglomerated
micro-spheres or granules with smooth surfaces and particle size be-
tween 2 and 5 μm. This HTCmaterial has a similarmorphology and par-
ticle size to those synthesized byHTC treatmentwith potato starch [26].
Fig. 1(c–e) show that following post-carbonization treatments at three
different temperatures, the HTC products still maintained their smooth
spherical shape butwith an increased average particle size.When starch
was pyrolysed directly at 550 °C under nitrogen, starch granules ap-
peared to melt together during the process [27] and a foam network
structure was observed (Fig. 1(f)). The surface area, total pore volume
and average pore diameter were carried out by the BET and BJH
methods by N2 adsorption-desorption isotherm (Table 1). There was a
signiﬁcant increase in the BET surface area when HTC-S sample was
subjected to further carbonization at 350 and 550 °C; the trend ap-
peared to be stabilized from 550 to 750 °C. These differences in micro
and texture structures, as a result of HTC vs pyrolysis, may affectO/C H/C HHV (MJ · kg−1) Yield (%)
1.06 ± 0.02 1.84 ± 0.00 14.96 –
0.40 ± 0.02 1.00 ± 0.00 24.29 7.51
0.29 ± 0.02 0.64 ± 0.00 28.56 56.87
0.19 ± 0.04 0.50 ± 0.00 29.29 52.41
0.15 ± 0.01 0.32 ± 0.00 29.30 43.52
0.13 ± 0.03 0.44 ± 0.00 31.19 13.89
on HTC-S.
Table 3
Proximate analysis for HTC-S, HTC-S-Xs, and Py-S-550.
Sample M (wt.%) VM (wt.%) FC (wt.%) A (wt.%)
HTC-S 0.89 ± 0.01 50.14 ± 1.23 47.96 ± 0.66 1.01 ± 0.01
HTC-S-350 0.55 ± 0.02 41.91 ± 0.98 56.03 ± 0.43 1.51 ± 0.00
HTC-S-550 0.73 ± 0.04 30.01 ± 1.04 67.48 ± 0.71 1.78 ± 0.02
HTC-S-750 0.81 ± 0.04 28.67 ± 0.63 68.63 ± 0.56 1.89 ± 0.00
Py-S-550 0.69 ± 0.02 28.89 ± 0.59 68.85 ± 0.30 1.57 ± 0.01
46 M. Zhao et al. / Fuel Processing Technology 153 (2016) 43–49subsequent mass (oxygen) transfer and surface reaction, hence inﬂu-
ence the course and outcome of combustion behavior.
3.2. Chemical characteristics
FTIR spectrawere used to investigate the effects of the hydrothermal
and pyrolytic treatment on the molecular carbon skeleton structures
(Fig. 2). For this purpose, the spectra of starch and HTC-S may be used
as references. The broad band around 3500 cm−1 is attributed to the
O\\H (hydroxyl or carboxyl) stretching vibration; while the peak at
1720 cm−1 corresponds to C_O, suggesting the abundant existence of
these functional groups on the surface of HTC-S [28]. The small peak
at 2910 cm−1 is ascribed to stretching vibration of the aliphatic C\\H.
Baccile et al. characterized scaffold of HTC material by using a combina-
tion of advanced solid-state 13C NMR techniques and described the scaf-
fold as furan rings cross-linked by domains containing short aliphatic
chains [29]. The bands at 1600 cm−1 and in the region of 1000–
1450 cm−1 are therefore related to C_C and C\\O\\C stretching vibra-
tions within furan rings. The FTIR spectrum of Py-S-550 around the
bands at 3450, 1640, and 910 cm−1 provides evidence for the presence
of condensed polyaromatics containing randomly distributed oxygen
functionalities [30]. The FTIR spectra of HTC-S-350, HTC-S-550, and
HTC-S-750 are similar, especially between the latter two samples.
WhenHTC-Swas calcined at 350 °C under nitrogen, loss of the function-
al groups and aliphatic C\\H is evident from the weak peak intensity in
FTIR spectrum of HTC-S-350 at 3500, 2900 and 1720 cm−1. This is con-
sistent with the elemental chemical composition change which shows
reduced H and O contents and, correspondingly, increased carbon con-
tent (Table 2). At the two higher calcination temperatures, i.e., 550 and
750 °C, the C\\O\\C vibration band in the region of 1400–1100 cm−1Fig. 3. XPS C1s spectra of HTC-S, its post-carbonihave diminished; whereas the growth of bands at 1600 cm−1 indicates
progressive development of aromatization in the carbon skeleton
through the post-carbonization treatment. These differences describe
the possible structural changes that occur in the materials under both
hydrothermal carbonization and pyrolysis at higher temperature,
which are similar to those reported previously for the structures of
HTC derived from glucose and starch [31].
As noted above, the results of elemental and proximate analysis of
the carbon samples were respectively compared in Tables 2 and 3.
From the elemental analysis, it can be seen that the carbon content in-
creased from 62.1% for the HTC-S sample to higher contents for all the
other tested materials, with Py-S-550 having the highest of 83.1%. This
trend is accompanied by the decreasing oxygen and hydrogen contents.
The O/C and H/C ratios for the HTC-S are higher than the other carbon
samples due to the presence of oxygen-containing functional groups
and cross-linked furan rings, which is consistent with FTIR spectrum.
There was further reduction in the oxygen and hydrogen contents in
the post carbonization samples. In particular, the HTC-S-750 had a rela-
tively lower O/C ratio and the lowest H/C ratio, suggesting an increase in
the degree of aromatization. Meanwhile, for HTC-S-X, the HTC-S-750
had the lowest volatile matter and the highest ﬁxed carbon content.
These variations are consistent with the formation of a well-condensed
material [11]. The evolution of the O/C and H/C atomic ratios fromHTC-
S to HTC-S-X followed the dehydration, decarboxylation and internal
structural rearrangement processes, similar to that previously observed
for the pyrolysis process of saccharides [32]. For Py-S-550, the oxygen
content and O/C ratio were the lowest. These observations appear to
agree with the HTC and pyrolysed carbon chemical structures reported
by Falco et al. [31], in which carbon structures evolve to similar forms
when the post-carbonization temperature is above 350 °C.
X-ray photoelectron spectroscopy (XPS) was conducted to conﬁrm
the chemical structure variations of different carbon samples. XPS of
C1s ranging from 280 to 290 eV are shown in Fig. 3. The C1s strong
peak at 284.5 eV, which is consistent with sp2 graphite carbon [33].
The C1s spectrum is composed of a major peak at 285.4 eV, which is as-
sociated with the C\\C, C_C and C\\H bonding, and three minor peaks
at 286.5 eV, 287.8 eV, and 289.1 eV, which correspond to the C\\O,
C_O, and O\\C_O, respectively. Based on the compositional informa-
tion of carbon, it can be found that the treatment temperature has a sig-
niﬁcant effect on the carbon levels of the samples. The intensity peakszation forms, and pyrolytic carbon material.
Fig. 4. (a) TG and (b) DTG curves of starch, HTC-S, HTC-S-X and pyrolytic carbon materials.
47M. Zhao et al. / Fuel Processing Technology 153 (2016) 43–49characteristic of the C_C increased, but the characteristics of the C\\C,
C\\O, C_O, and O\\C_O groups decreased, indicating that the post-
carbonization treatment led to condensed polyaromatic structure.
These results of XPS data veriﬁed the conclusion of carbon structures
evolution to be reasonable and reliable.
3.3. Thermogravimetric (TG) analysis
Fig. 4 shows the typical TG and the derivative thermogravimetric
(DTG) curves between 40 and 850 °C in air atmosphere. As the samples
were heated in air, their overall behavior is examined for combustion
properties. At the given heating rate (5 K · min−1), the mass loss of
HTC-S mainly occurred in the temperature region of 257–459 °C. As
shown in Fig. 4b, after the evaporation of adsorbed water, the combus-
tion of HTC-S occurring in the lower temperature range led to the ﬁrst
DTG peak around 286 °C, while the later DTG peak around 449 °C was
due to oxidization occurring in the higher temperature region. For the
TG proﬁle of the post-carbonization samples (HTC-S-X), the lower tem-
perature inﬂection point, started around 286 °C by HTC-S sample, either
moved to higher temperature regions or disappeared completely. The
higher temperature inﬂection point where the material lost most of its
starting weight (around 449 °C for HTC-S) increased gradually with
the increasing temperature of the post-carbonization. The HTC-S-550
and HTC-S-750 proﬁles presented single weight loss rate peak in the
high temperature region and their maximumweight loss rate increased
signiﬁcantly. Shiori et al. investigated the thermal behavior of HTC de-
rived from 2-furaldehyde and observed two main mass loss regions,
an initial mass loss around ~300 °C corresponding to the desorption of
structural H2O and CO2 and secondpeak at ~440 °C as result of oxidative
decomposition of the carbonaceous framework [34]. This observation
did not agree with the TG proﬁles of HTC-S-X and Py-S-550 samples
prepared in this work. Previous work has shown that the HTC-S
generally contains abundant oxygen-containing functional groups,
sp3-hybridized alkyls carbons and conjugated furan carbons [10,31,
35–37]. According to the chemical characterization reported in these
studies, the functional groups (e.g., hydroxyl, carbonyl, or carboxyl)Fig. 5. (a) The low temperature and (b) the high temperature region kinetic cuand low energy chemical bonds were either eliminated or reduced,
and the sp2-hybridized aromatic scaffold were extended during post-
carbonization, resulting to the similar structure of pyrolysed carbon. In
agreement with this, the mass loss of the HTC-S samples obtained in
this work also displayed two clearly separate steps. The main mass
loss in the lower temperature region was mainly caused by the decom-
position of oxygen-containing functional groups, sp3-hybridized carbon
motif and partial furan rings and may be existed partial volatile matter
release and combustion. The second mass loss occurring in the higher
temperature region can be ascribed to the oxidation of conjugated car-
bon atoms.
It has been reported that synthesis temperature, reaction time, and
biomass precursors all signiﬁcantly affect the chemical nature and mor-
phology of the HTC materials [38]. For example, a higher temperature or
longer reaction time increases the polyaromatic extent of the ﬁnal HTC
material [31]. Using the experimental data and these relationships in
the literature between the microstructural properties and combustion
characteristics mentioned above, these different TGA and DTG curves of
the carbon materials derived under the various HTC materials process
conditions may be explained, at least at a phenomenon logical level.
3.4. Combustion kinetic model
Typical kinetic plots for the low and high temperature reactions of
the samples are shown in Fig. 5, and the supplementary data related
to kinetic calculation were shown in supporting information. The least
square correlation values varied between 0.982 and 0.997, indicating
reasonable degree of ﬁt. The HTC-S had lower activation energy (E)
and pre-exponential factor (A) values compared with the HTC-S-X and
Py-S-550 samples (Table 4). The apparent activation (E) values for the
low and high temperature region varied from 69 to 198 and 84 to
166 kJ ·mol−1 for theHTC-S andHTC-S-X samples, respectively. The re-
sults suggest that, the E and A values increased with the increase of X
values for the HTC-S-X samples. This appears to contradict with the re-
sults shown in Table 1, where the increasing calcination temperatures
resulted in signiﬁcant increase in the surface area and total pore volume,rves of HTC-S, its post-carbonization forms, and pyrolytic carbon material.
Table 4
Kinetic analysis for the HTC-S, its post-carbonization forms, and pyrolytic carbon material.
Sample Low-temperature region High-temperature region
E (kJ · mol−1) A (min−1) R2 E (kJ · mol−1) A (min−1) R2
HTC-S 69 2.81 × 105 0.997 84 1.12 × 105 0.984
HTC-S-350 198 7.62 × 1015 0.989 129 1.53 × 108 0.983
HTC-S-550 – – – 145 8.69 × 108 0.992
HTC-S-750 – – – 166 4.72 × 109 0.992
Py-S-550 – – – 193 1.48 × 1012 0.995
48 M. Zhao et al. / Fuel Processing Technology 153 (2016) 43–49thusmay be in beneﬁt of surface reaction and gas transport during com-
bustion. It can be concluded that the nature of the texture structures of
the different samples do not affect the evolution of their combustion.
The reactivity of carbon samples investigated in the present work is
strongly affected bymolecular chemical structures, which also indicates
the ﬁrst-order kinetic reaction assumption is reasonable. Abundant ox-
ygen-containing functional groups, sp3-hybridized alkyls carbons and
furan carbons were thought to favour the reduction in the lower tem-
perature peak, which coincided with the E value of the HTC material.
Among all the carbon materials, the E value of the HTCs was the lowest
and the Py-S-550 the highest, indicating the possible range of energy
utilization. These observations are in logical agreement with the fact
that post-carbonization preferentially removed those more reactive
species from the samples, thus increasing the energy required for fur-
ther carbonization as the bond in the remaining structures would be in-
creasingly aromatic.
4. Conclusions
In this study, the relationship between the microstructures synthe-
sized by the HTC and pyrolysis-derived corn starch was systematically
investigated. The differences in thermal behavior as observed by TG
curves in air between the HTC and pyrolysis-derived carbonaceous ma-
terials were mainly due to their molecular chemical structures. The ele-
mental analysis, FTIR, and XPS spectra obtained indicated that the
aromatic degree of HTC materials can be tailored by subsequent post-
carbonization with accompanying increase in carbon contents. These
different carbon skeletons and theirmicrostructuresmay be the reasons
why these materials displayed different rate of combustion upon
heating. Their ignition and combustion temperatures as measured in
the TG curves indicate possibilities for different fuel source applications.
The systematic links shown between the derived carbon materials and
their laboratory processing parametersmay allow for further processing
optimization and potential pilot-scale production of these materials.
Nomenclature
HTC hydrothermal carbonization
SEM scanning electron microscopy
HHV higher heat value
FTIR Fourier-transform infrared spectroscopy
XPS X-ray photoelectron spectroscopy
HTC-S hydrothermally derived carbon materials from corn starch
HTC-S-350 post-carbonization of HTC-S at 350 °C under nitrogen
atmosphere
HTC-S-550 post-carbonization of HTC-S at 550 °C under nitrogen
atmosphere
HTC-S-750 post-carbonization of HTC-S at 750 °C under nitrogen
atmosphere
Py-S-550 pyrolysis-derived carbon heated at 550 °C under nitrogen
atmosphere
TG thermogravimetric
DTG derivative thermogravimetric
E activation energy
A pre-exponential factorSupplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.fuproc.2016.08.002.References
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